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.A  UT  HOF  17-/.  T  TON 


This  study,  authorised  bv  Buord  Itr.  FP/A 9 
(Re3)  dated  9  January,  19h3,  v,as  conducted  under 
Naval  Proving  Ground  ixoerimentw 1  Department  Project 

No.  2. 


OBJECT 


To  determine  tee  optimum  depth  of  case  in  3/ S’’ 
and  1/2"  Plurernelt  face  hardened  light  armor. 


SLBIG'.RY 


A  series  of  3/3”  and  1/2"  Pluranelt  plates 
varying  in  de^th  of  face  from  10/  to  50/  were  tested 
vith  caliber  .50  AP  M2  bullets  at  norm.  1  ana  20mm 
H.P.  at  20®  obliq"ity.  Results  indicate  that  trie 
optimum  depth  of  face  is  28P  to  UQ'/°  for  1/2”  plates  and 
20''  to  3 0/  for  5/8”  plates. 
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INTRODUCTION: 


For  the  past  three  years,  the  Allegheny  Ludlum 
Steel  Corporation  has  been  producing  face  hardened  light 
armor  by  their  "Pluramelt"  process.  This  process  con¬ 
sists  qf  building  up  a  metallic  layer  on  a  base  metal 
by  an  electric  arc.  The  Allegheny  Ludlum  Steel  Corpo¬ 
ration  rolls  ingots  of  low  carbon-niokel-molybdenum 
steel  into  slabs  approximately  8”  thick.  A  2"  layer 
of  high  carbon  steel  of  similar  alloy  content  is  melted 
onto  the  slab  and  the  composite  slab  is  then  rolled 
down  into  the  required  plate  gauge.  The  process  is 
•flexible  in  that  it  permits  a  variation  in  the  compo¬ 
sition  of  either  the  face  or  the  back  of  the  plate  and 
^lso  permits  a  wide  variation  in  the  ratio  of  face  to 
back  by  varying  the  taickness  of  the  slab  on  which 
the  2n  layer  of  .xigh  carbon  steel  is  deposited. 

Previous  experience  of  the  Naval  Proving  Ground 
with  1/2”  Pluramelt  light  armor  indicated  that  a  hard 
thick  face  supported  b-r  a  fairly  hard  back  would  give 
the  optimum  resistance  to  penetration  by  Caliber  .5* 

AP  M2  bullets  at  0°  obliqulty.il)  V7ith  l/2"  plates 
having  approximately  1+0%  case,  limit  velocities  against 
caliber  .50  AP  M2  bullets  of  2300  to  2400  f.s.  were 
occasionally  obtained  -  a  margin  over  specifications  of 
between  200  and  300  f.s.  Many  variables,  such  as  com¬ 
position  of  the  face  and  back,  decarburization  of  the 
face  of  the  plate,  back  hardness,  etc.,  affect  the 
performance  of  Pluramelt  plate  and  hence  it  was  found 
impossible  to  correlate  depth  of  case  directly  with 
ballistic  performance.  In  order  to  determine  the  opti¬ 
mum  depth  of  face  for  Pluramelt  light  armor,  green  # 
plates  were  ordered  from  Allegheny  Ludlum  Steel  Corpo¬ 
ration  in  both  3/8"  end  l/2n  gauge.  The  plates  were 
to  be  made  from  one  luat,  the  only  variable  being  the 
per  cent  of  face. 

It  is  understood  from  company  representative 
that  every  effort  was  made  by  tne  Allegheny  Ludlum 
Steel  Corporation  to  have  the  green  plates  representative 
of  standard  manufacturing  practice.  In  order  to  have 
a  wide  variation  in  face  depth,  ten  plates  of  each 
gauge  were  made  with  10$,  20$,  JO%,  1+0%  and  50#  face, 
respectively. 
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MATERIAL: 


Foutr  Pluramelted  ingots  were  made,  with  2" 
of  high  carbon  face  and  a  total  thickness  of  14"  for 
the  20%  plates,  9-3/4"  for  the  30%  plates,  7-3/4"  for 
the  40%  plates  and  6-3/4"  for  the  50%  plates.  The 
ingots  were  heated  and  rolled  into  4"  slabs  25"  wide  and 
cut  to  length.  Two  pieces  were  cut  from  the  slab  rolled 
from  the  14"  thick  ingot.  One  of  these  slabs  had  $"31 
removed  from  the  high  carbon  face  by  machining  to  make 
the  10%  face  plates.  The  slabs  were  then  reheated  end 
foiled  into  plates  l/2"  and  3/8"  thick  by  22-1/4"  wide. 
The  plates  were  annealed,  pickled  and  sheared  into  36*’ 
lengths. 


It  it  understood  from  company  representatives 
that  considerable  difficulty  was  encountered  in  the  pro¬ 
duction  of  the  plates  because  of  face  cracking  and  separa¬ 
tion  -  especially  with  the  slabs  having  a  nominal  face 
of  40%  and  50%.  Out  of  the  hundred  plates  ordered,  com¬ 
prising  ten  platss  of  each  category,  only  78  plates  were 
actually  delivered.  No  1/2"  plates  having  a  nominal  face 
of  50%  were  received. 

The  chemical  composition  of  the  plates  is  given 
in  Table  I.  It  will  be  noted  that  the  back  has  ®.22% 
carbon  while  the  carbon  content  of  the  face  varies  in  the 
four  ingots  from  0.57%  to  0.62%.  The  alloy  content  is 
practically  constant  for  all  the  ingots, 

TABLE  I 

CHEMICAL  COMPOSITION  OE  v'  URAMELT  PLATES. 


Back  -  Heat  No.  53810 


C  Mn  P 

S 

Si 

Cr 

Ni  Mo 

.22  .50  .011 

.017 

.30 

.13 

3.39  .40 

Case  -  3/8"  and  l/2" 

plates 

C 

Mn 

P 

S 

Si  Ni 

Mo 

10%  and  20%  .60 

.56 

.014 

.019 

.29  3.47 

.43 

case 
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SPG  PHOTO  NO.  1072  (APL)  -  Uaoro-etohed  sections  from  Annealed  Pluramelt  plates 
Top  row  shows  1/2"  plate  with  approximately  10,  20,  30  and  40  per  cent  faoe. 
Lower  row  shows  3/8"  plate  with  approximately  10,  20,  30,  40  and  50  per  oent 
face*  Light  area  of  surface  of  faoe  indicates  deoarhurization. 

28  October  1943  -  CONFIDENTIAL  - 
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30?»  oese  ,57 
tog  case  .57 
50 %  case  ,62 


Mn 

p 

S 

55 

.008 

.018 

57 

.011 

.017 

55 

.008 

.014 

Si 

Ni 

Mi 

.27 

3.41 

.  44 

.28 

3.36 

.43 

.28 

3.38 

.43 

A  study  was  made  of  the  plates,  as  received,  for  structure, 
decarburization  and  inclusions.  Samples  were  experi¬ 
mentally  heat  treated  to  determine  whether  a  standard 
1560°F,  quench  followed  by  a  300*F,  draw  would  give  a 
uniform  tempered  martensite  structure.  Table  II  gives 
the  Brinell  hardness  results  obtained  on  these  samples 
together  with  insults  of  microscopic  examination.  The 
back  hardness  developed  by  the  hardening  treatment  was 
about  Ukk  BHN,  and  the  face  hardness  was  above  600  BHN 
for  all  plates  except  for  the  3/8”  plates  with  10$  and 
20$  face.  It  was  considered  that  the  heat  treatment 
was  satisfactory  since  previous  experience  had  shown 
the  excellent  penetration  resistance  could  be  obtained 
with  plates  having  these  hardness  values. 


The  macro-etched  sections  of  tne  annealed  plates 
are  shown  in  Figure  I.  Microscopic  examination  indicated 
that  the  amount  of  decarburization  was  slight  except  for 
plate  G10  (3/8"  -  50$  face).  This  plate  had  about  0V05§ 
partial  decarburization  as  is  evident  in  Figure  I. 


The  amount  of  inclusions  in  the  face  was  aver¬ 
age  for  Pluramelt  plates  except  for  plate  G4  (1/2”  - 
40$  face)  which  had  a  bad  stringer  inclusion.  Besides 
the  large  inclusions  in  this  plate,  the  reg  on  examined 
was  low  in  alloy  content  and  did  not  harden  on  quench¬ 
ing  ir  oil,  which  resulted  in  a  large  band  of  pearlite 
below  the  surface  of  the  plate  as  shown  in  Figure  2. 

Such  bands  had  previously  been  found  in  Pluramelt 
plates. (l)  The  penetration  resistance  of  the  plate  does 
not  acpear  to  be  affected  by  them,  but  the  ductility 
under  shock  is  decreased. 


The  plates  were  considered  to  be  representative 
Pluramelt  plates  and  therefore  could  be  used  for  a  study 
of  the  effect  of  depth  of  face  on  the  penetration  re¬ 
sistance. 
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RESULTS : 


Throe  plates  from  each  group,  27  total,  wore 
heat  treated  os  follows: 

75  minutes  in  salt  bath  at  1560°  F. 

3  minutes  quench  in  agitated  oil. 

1  hour  draw  at  300r  F, 

The  plates  v;ere  tested  with  caliber  .50  AP  M2  at  normal 
and  with  20mm  H.E.  at  20°  obliquity  under  specifications 
O.S.2775-1.  Results  of  ballistic  tests  are  given  in 
Table  III. 


Samples  were  cut  from  the  plates  and  examined 
for  depth  of  face,  hardness  and  microstructure.  Resultp 
are  given  in  Table  IV  together  with  the  caliber  .50  AP 
M2  limit  velocities.  The  limits  have  been  corrected 
for  variations  in  gauge  to  a  standard  thickness  of  07375 
and  07500  for  the  3/8"  and  l/2"  plates  respectively. 

By  comparing  Tables  TI  and  IV,  it  will  be 
seen  that  samples  taken  from  the  same  plate  had  different 
per  cents  of  face  and  that  plates  of  the  same  nominal 
per  cent  face  had  a  similar  variation  in  the  par  cent 
of  face.  Since  the  plot  ;s  of  the  3ame  nominal  per  cent 
face  were  rolled  from  a  single  slab,  it  Is  evident  that 
the  depth  of  face  varied  in  the  slob.  The  per  cent  fa.ee 
obtained  from  a  single  location  in  a  plate  is  therefore 
not  characteristic  of  the  pla  e  and  cannot  be  correlated 
direccly  with  the  ballistic  limit. 

In  order  to  obtain  a  correlation  between  tne 
per  cent  face  and  limit  velocity,  it  is  necessary  to 
overage  the  per  cents  of  face  obtained  on  the  micro- 
samples  and  overage  tne  limit  Velocities  obtained  on 
plates  of  the  same  nominal  mr  cent  face .  The  results 
obtained  are  given  in  Table  V  and  plotted  in  Figure  3. 
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TABLE  ? 


AVERAGE  VELOCITY  LIMIT  IN  FT./SEC.  OF 
PLUR4PFLT  PLATES  OF  VARYING  PER  CENT 
FACE  vs.  CAL.  .50  AP  M2  BULLETS  AT 
NORMAL. 


3/8"  1/2" 


$  Face 

Limit 

$  Face 

Limit 

9 

1927 

14 

2226 

22 

2102 

22 

2268 

28 

2116 

28 

2329 

44 

2032 

48 

2307 

50 

1934 

IV  DISCUSSION: 

1/2"  Plates 


From  tho  curves  in  Figure  3,  it  would  appear 
that  the  optimum  depth  of  faoo  for  penetration  resistance 
of  l/2"  plates  vs.  caliber  .50  AP  M2  bullets  at  normal 
is  above  28$  and  is  probably  about  35$.  Unfortunately, 
no  plates  were  furnished  with  a  depth  of  face  betv;een 
28$  and  4 8$*  This  gap  is  in  the  range  that  i*s  most 
important  for  l/2"  Pluramelt  face  hardened  armor* 

The  curve  has  been  dotted  to  indicate  a  lack 
of  certainty  in  the  shape  of  the  curve  and  in  the  location 
of  the  maximum.  In  fact,  there  is  some  evidence  that 
the  curv  is  not  a  continuous  function.  The  plates  with 
a  large  per  cent  of  face  failed  with  large  buttons  being 
thrown  from  the  beck  of  the  plate  instead  of  failing 
with  clean  punchings  as  is  usual  for  plates  of  lower  per 
cent  face.  The  change  in  the  mechanism  of  plate  failure 
probably  causes  an  abrupt  break  in  limit  velocity. 
Variations  in  plate  composition,  back  hardness  and  heat 
treatment  will,  affect  the  per  cent  of  face  for  optimum 
ballistic  properties. 

An  interesting  feature  of  the  results  was 
that  the  limits  obtained  on  all  tho  plates  regardless 
of  depth  of  face  wore  so  high.  Even  the  plates  with 
14$  face  had  on  average  limit  150  ft. /sec.  over  speci¬ 
fication  requirements  for  1/2"  plates  while  the  average 
Units  of  all  plates  between  23$  face  and  50$  face  was 
above  2300  ft, /sec. 
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All  the  1/2”  plates  parsed  the  shock  test  with 
the  20mm  H,E.  ammunition  at  20°  obliquity  except  plate 
G 4  which  failed  by  giving  a  4-1/2"  by  1-1/2"  face  spall.- 
The  face  spall  was  caused  by  the  large  pearlite  bands 
found  in  the  face  (Figure  2).  It  should  be  noted  that 
this  plate  with  48$  face  had  a  limit  of  2306  ft. /sec. 
in  spite  of  the  large  subsurface  defect. 

Since  these  plates  had  high  ballistip  limits, 
it  was  of  interest  to  obtain  complete  hardness  distri¬ 
bution  curves  through  the  plates.  The  hardness  readings 
were  taken  with  a  "Tukon”  machine  equipped  with  a  "Knoop" 
indenter.  The  curves  for  the  twelve  l/2"  plates  are 
shown  in  Figures  4  to  7.  It  will  be  seen  that  all  plates 
had  a  maximum  hardness  of  over  600  Knoop  except  plate 
Gl,  a  plate  which  had  a  ballistic  limit  of  only  2157 
ft ./sec . 

(2) 

In  Naval  Proving  Ground  Report  12-43,  it 
was  stated  that  l/2"  plates  would  probably  fail  the  bal¬ 
listic  test  against  caliber  .50  AP  M2  projectiles  at 
normal  obliquity  if  the  Knoop  hardness  was  less  then 
540  at  a  depth  of  .010"  because  the  penetration  re¬ 
sistance  of  face-hardened  light  armor  is  primarily  de¬ 
pendent  on  th3  ability  of  the  plate  to  fracture  the 
core  of  the  AP  projectile.  If  considerable  decarburiza¬ 
tion  is  present  on  the  surface  of  the  pl’te,  the  pro¬ 
jectile  is  not  shattered  on  impact  and  passes  through  the 
plate  substantially  undeformed.  The  hardness  of  the 
twolv  1/2"  plates  shown  in  Figures  4  to  7  is  well  above 
540  Knoop  at  7010  below  the  surface  of  the  face.  However, 
the  plates  all  show  a  marked  drop  off  in  hardness  at 
the  surface  which  is  believed  to  lower  the  ballistic 
limits,  and  is  also  probably  one  factor  respqnsible  for 
the  wide  var^tion  in  ballistic  liiits  found  in  Pluremelt 
armor.  It  i?  believed  that  more  care  should  be  taken  to 
minimize  this  sharp  droD  in  hardness  at  the  surface  of 
face  hardened  amor. 

3/8"  Plates 

From  the  curves  in  Figure  3,  it  would  appear 
that  the  optimum  depth  of  case  for  penetration  resist- 
nce  of  3/8"  plates  c  gainst  caliber  .50  AP  M2  bullets 
at  normal  is  between  20$  and  30$  face,  as  in  tne  case 
of  the  l/2"  plates,  there  is  a  large  gap  in  the  per  cent 
face  in  this  range.  Since  there  are  no  plates  with  per 
cent  face  in  the  range  from  28$  to  44#  it  is  impossible 
to  fix  the  optimum  depth  of  face  with  certainty.  As  in 
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the  case  of.  l/2"  plates,  however,  all  3/8"  plates  had 
limits  above  specification  requirements  -  even  the  plate 
with  9%  -  while  the  average  limits  of  the  plates  with 
20 %  to  30%  face  were  above  the  requirements  for  l/2" 
plates  * 


Only  the  plates  with  22%  face  passed  both  the 
caliber  .50  burst  and  20mm  H.E.  shock  tests.  The  plates 
with  44%  and  50%  case  were  definitely  over  the  optimum 
depth  of  face  since  large  buttons  were  thrown  in  all 
cases.  Plates  G6A  and  G8A  failed  on  account  of  face 
spalls  which  were  probably  caused  by  pearlite  bands  in 
the  face.  Plate  G8B  with  28%  face  foiled  the  20mm  shock 
test.  No  cause  could  be  seen  for  the  failure  of  this 
plate  except  that  the  back  hardness  of  the  3/8"  plates 
may  be  too  high  for  tnis  gauge.  The  back  hardness  of 
all  3/8"  plates  was  above  450  Knoop  and  even  above  500 
in  the  case  of  plate  10A  (See  Figures  8  to  12).  It 
would  seem  that  for  optimum  ballistic  properties  of 
3/8"  face  hardened  armor  against  caliber  .50  AP  M2 
bullets  or  20mm  H.F.,  the  depth  of  face  and  the  back 
hardness  should  both  be  less  than  for  l/2"  plates 
against  the  same  projectiles. 

The  per  cent  face  given  on  the  hardness  dis¬ 
tribution  curves  were  t*.  ken.  arbitrarily  at  the  point 
where  the  hprdness  falls  to  540  Knoop,  which  corresponds 
to  approximately  500  Brinoll.  The  values  obtained  from 
the  curvos  check  within  2%  for  the-  l/2"  plates  and  within 
4%  for  the  3/8"  plates  with  those  obtained  microsco- 
pinlly.  No  significant  change  in  the  optimum  depth  of 
face  would  result  from  using  the  per  cent  face  obtained 
from  the  hardness  curves, 

V  CONCLUSIONS: 


From  the  results  obtained  the  optimum  depth 
of  face  of  1/2"  Plummelt  face  hardened  armor  against 
caliber  .50  AP  M2  bullets  would  aopear  to  be  between 
28%  and  40%  face,  confirming  the  results  given  in 
Naval  Proving  Ground  Report  3-43.  'D  It  is  consider¬ 
ed  possible  that  l/2"  Pluramelt  face  hardened  armor  with 
the  following  characteristics  would  have  limits  consis¬ 
tently  above  2275  ft. /sec.,  -  a  margin  of  200  ft ./sec. 
over  present  specification  requirements. 
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% o  Carbon  Fo-ce  #.57  to  0.62 

■  •  Back  0,22  to  0.24 

Hardness  Face  over  600  BHN 

B-ck  444  BHN 

%  F^ce  30%  to  40fo 

The  optimum  depth  of  c  se  for  3/8”  Plurumelt  face 
hardened  armor  is  between  20'/  nd  30/.  To  obtain 
maximum  shock  resistance  the  bock  hardness  should  pro¬ 
bably  be  lower  than  that  for  1/2'*  plates  which  would 
Mean  a  slightly  lower  carbon  content,  in  tile  beck.  It 
is  believed  that  3/8w  PI ur" me It  face  hardened  armor 
■’ith  the  following  characteristics  would  hove  limits 
consistently  above  2025  ft. /sec.  -  a  margin  of  200  ft. /sec. 
over  nrrsent  specification  rec  uiremeuts . 


%  Carbon  Face  0.57  to  0.62 

Back  0.20  to  0.22 

Hardness  Face  -  Over  600  BHN 

Back  -  400  EHN 

%  F-  ce  20%  to  304 

FI  K  T-~p,---cps:  L  ...  ■-  -  $ 

(1)  NPG  Report  No.  3-43  of  2  M-rch,  1943. 

(2)  NPC-  Report  No.  12-43  of  30  June,  1943.  / 
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